In ischemia-reflow states ofcoronary artery disease, the activation of PMN precedes the initiation of tissue damage. Release of atrial natriuretic peptide (ANP) from myocytes occurs within minutes after the onset of myocardial ischemia, which suggests a possible role of ANP in PMN activation. To investigate this possibility, we tested the effects of ANP on functions of PMN in vitro. ANP is a potent signal for priming the PMN respiration burst to secrete superoxide anion. Phorbol 12-myristate 13-acetate, opsonized zymosan, or FMLP could all be used as triggering stimuli to demonstrate the priming of PMN activation by ANP. Only ANP fragments 1-28 and 7-28 enhanced respiration burst activity but identical preparations of ANP fragments 13-18 or 1-11 failed to do so. This structureactivity relationship is typical of receptors for ANP found in other tissues. In addition, ANP stimulated the release oft-glucuronidase from PMN triggered by FMLP. The observed inhibition by ANP of FMLP-stimulated chemotaxis of PMN may be due to their enhanced adhesiveness. These data show that a classic cardiac hormone is involved in regulating important functional activities of PMN. These data support the possibility that ANP could act as a preinflammatory substance in ischemia-reperfusion states and myocardial necrosis. (J. Clin. Invest. 1992Invest. . 89:1580Invest. -1586 
Introduction
The observation that leukocyte depletion was associated with a significant reduction in infarct size in dogs subjected to coronary occlusion (1) suggests a role for polymorphonuclear neutrophils (PMN) in causing myocardial necrosis. Within minutes of occlusion of a major coronary artery, the PMN are activated (2) , whereat they adhere to the vascular endothelium and migrate through the endothelial layer. Interactions with the endothelium can promote increased vascular resistance (3), diminished collateral flow, capillary blockade (4), predisposition to vasospasm (5) , as well as enhanced vascular permeability (6) . On subsequent reperfusion, entrapped PMN gain access to the previously ischemic region. Reperfusion ofthe ischemic myocardium increases the number of PMN distributed throughout the damaged region (7, 8) .
In ischemia-reflow states ofcoronary artery disease with the development ofarrythmias and myocardial infarction, reintroduction of oxygen to the ischemic or hypoxic tissue can cause an additional insult that is mediated in part by oxygen radicals (9) . Generation of oxygen-derived radicals by PMN entering reoxygenated tissue is one of the potential sources of damage (10) . Activated PMN depress both the uptake of Ca2' by myocytes and the activity of Ca2'-stimulated, Mg2e-dependent ATPase. Because both of these activities can be prevented by free radical scavengers, it can be presumed that they are caused by oxygen-derived free radicals (11) .
Activation and adhesion of PMN precede the initiation of tissue damage as determined histologically (2, 4, 12, 13) . This observation suggests that PMN activation is not a response to tissue injury, but rather reflects other, more subtle changes resulting from the ischemic episode. Thus preinflammatory cytokines, such as tumor necrosis factor-a (TNF),' are released early in myocardial infarction (14, 15) and may contribute to PMN activation (16) . PMN-activating substances may be produced by endothelial cells upon hypoxia which dramatically modulates endothelial cell function (17, 18) . In addition, superoxide anions that are produced by affected cells during ischemia (9) may directly promote PMN adhesion (19) and act on plasma to produce PMN chemotactic lipids (20) . Other factors that could act as modulators ofinjury and inflammation in the ischemic heart are polypeptide hormones derived from perivascular nerves and/or other sources (21) .
Atrial natriuretic peptide (ANP) may significantly contribute to the pathophysiological changes occurring in ischemia-reflow states of the heart in vivo, in that measurable release of ANP into coronary sinus blood and systemic circulation but not of other substances such as endothelin, vasoactive intestinal peptide, tachykinins, P-endorphin, and TNF-a, has been reported to occur within minutes of balloon occlusion of a major coronary artery for angioplasty (22, 23) . ANP is a 28amino acid polypeptide, secreted primarily by atrial myocytes in response to local wall stretch (i.e., increased intravascular volume or central venous pressure). The combined actions of ANP on vasculature, kidneys, and adrenals serve to feduce systemic blood pressure as well as intravascular volume (24) . The heart atria represent the major site of synthesis of ANP. However, more recently ANP has been found in organs not immediately related to cardiovascular physiology: e.g., the nervous system, adrenals, lungs, and gut, as well as tissues belonging to the lymphatic, reproductive, or endocrine systems (25) . Thus, ANP might have more physiological roles than originally thought of, one of them being modulation of inflammatory cells. However, the functional significance of ANP in tissues other than the cardiovascular system is, at present, poorly understood.
1. Abbreviations used in this paper: ANP, atrial natriuretic peptide; GM-CSF, granulocyte/macrophage colony-stimulating factor, NBT, nitroblue tetrazolium; TNF, tumor necrosis factor.
Because of the important role of the PMN in responses occurring in ischemic events, we studied the in vitro effects of ANP on PMN. In this report we show that ANP primes PMN for an enhanced respiration burst activity in response to soluble stimuli. We show that: (a) over the time course studied ANP without the additipnal presence ofknown PMN-activating factors such as FMLP, opsonized zymosan, or phorbol 12-myristate 13-acetate (PMA) does not activate PMN respiration burst activity, migration, or granule release; (b) ANP activates PMN to increased respiration burst activity and granule release induced by coincubation with FMLP and zymosan, respectively, and decreases migration of PMN toward maximally stimulating concentrations of FMLP when simultaneously exposed to these agents; (c) preincubation of PMN with ANP significantly enhances FMLPor PMA-induced respiration burst activity; (d) the structure-activity relationship of ANP suggests a specific receptor-mediated effect of ANP on PMN, as ANP 1-28 and ANP 7-28 are active, whereas ANP 13-18 and ANP 1-11 are inactive as stimulants; (e) because ANP does not stimulate cyclic GMP accumulation in the PMN after 10 min of exposure, the signaling mechanism for ANP may involve the ANP receptor subtype, which lacks guanylate cyclase activity on the cytoplasmic domain.
Methods
Materials used in these studies include ANP and ANP fragments (Sigma Chemical Co., St. Louis, MO; or Peninsula Laboratories, Inc., Belmont, CA), the recombinant human cytokines TNF-a (sp act 4 X 107 U/mg protein; Genentech Inc., South San Francisco, CA), granulocyte/macrophage colony-stimulating factor (GM-CSF; sp act 5 X 107 U/mg protein; Behring AG, Marburg, FRG), PMA and FMLP (Sigma Chemical Co.). ANP and its fragments were reconstituted in distilled water or 0.02 N acetic acid to stock solutions of 10 mmol/liter, stored at -200C, and freshly diluted to final concentrations in medium. FMLP was stored at -20'C in DMSO at a concentration of 10 mmol/liter and was diluted into assay medium before use. PMA was reconstituted to 1 mg/ml in ethanol and also stored at -20'C. Zymosan was opsonized with fresh serum as follows: 100 mg was suspended in 10 ml of saline and heated at 100IC in a boiling water bath for 1 h with occasional shaking. The particles were washed three times in saline and incubated with 6 ml offresh human serum for 20 min at 37°C in a shaking water bath. The material was washed twice with saline and resuspended in saline to 50 mg/ml. Opsonized zymosan was stored frozen at -70°C.
RPMI-1640, BSA, zymosan, nitroblue tetrazolium (NBT), Percoll, EDTA, dextran 485,000, iodoacetamide, ferricytochrome c, SOD, 4methylumbelliferone, 3-isobutyl-L-methylxanthine, and 4-methylumbelliferyl-fl-D-glucuronide were from Sigma Chemical Co. Additionally, the following were purchased: Triton X-100 (New England Nuclear, Dreieich, FRG); Hanks' balanced salt solution (HBSS; Gibco, Vienna, Austria); sodium acetate (E. Merck & Co., Darmstadt, FRG); and phosphoramidone (Peninsula Laboratories, Inc.).
Purification of human neutrophils. From the peripheral blood of healthy volunteers (anticoagulated with EDTA), PMN were obtained after discontinuous density gradient centrifugation of whole blood on Percoll or from buffy coat residues (mixed with normal saline in a ratio of 3:1) by dextran sedimentation and centrifugation through a layer of Ficoll-Hypaque as described (26) , followed by hypotonic lysis of contaminating erythrocytes using sodium chloride solution. The cell preparations (> 95% neutrophils by morphology in Giemsa stains, > 99% viable by trypan dye exclusion) were resuspended in RPMI-1640/0.5% BSA forchemotaxis experiments, or in HBSS for respiration burst activity and exocytosis assays. The assays were performed in these media which also contained the test substances or their appropriate vehicles.
Respiration burst activity. NBT reduction by PMN was measured as described (26) . To the cells (100 ,d of 2 X 106 PMN/ml in HBSS per well in 96-well microplates), NBT was added (final concentration (f/c) of 0.5 mg/ml) with medium or test substances to a final volume of 200 !tl per well. One vertical row of eight wells, in which the cells were preincubated for 10 min at 370C with a 10-mmol/liter solution of iodoacetamide in HBSS served as reference. After gentle agitation on a microplate shaker, the amount of formazan accumulating in PMN during incubation in a humidified incubator at 370C in 95% air 5% CO2 for the indicated time intervals was repeatedly quantitated in an ELISA reader at 550-nm wave length (model MR 700; Dynatech Labs, Guernsey, UK). Measurement of the production of°2 was based on the reduction of ferricytochrome c by O°, the specificity of reduction being controlled by its inhibition by SOD. Immediately after preparation of PMN with or without exposure to test substances, 100 ML per well of 2 X 106 PMN/ml were immersed in a 160 MM solution of ferricytochrome c in phenol red-free HBSS containing 10 M FMLP or vehicle. To one vertical row, cytochrome c containing 300 U/ml SOD was added. This row served as a blank. The plates were covered with lids and placed in a 370C humidified incubator with a 95% air-5% CO2 atmosphere. At indicated time intervals, the plates were transferred to the ELISA reader and absorbances were read at 550 nm. The absorbance values at 550 nm were converted to nanomoles of°based on the extinction coefficient of (reduced minus oxidized) cytochrome c: OD5jonm = 21 X 103 M-'cm-'. In that the vertical light path passing through 100 Ml ofcytochrome c was 3 mm, calculated concentration of°2 was (nmol°2 per well) = (absorbance at 550 nm X 15.87) according to reference 27. Chemotaxis. The chemotactic response of PMN to different gradients of FMLP and/or ANP was tested in a modified multiwell Boyden chamber as previously described (26) . To the upper wells of the chemotaxis chamber 50,000 PMN were then added and the bottom wells were filled with 25 Ml ofFMLP or ANP alone and in combination, or with 25 Ml of medium. The two wells were separated by a 3-,um pore-sized nitrocellulose filter (Sartorius, Gottingen, FRG) presoaked with medium. Chambers were incubated for 35 min at 37°C (5% CO2, fully humidified). Migration depth ofthe cells into the filter was microscopically measured (leading-front assay) in triplicates, after the cells and filters were fixed, dehydrated, and stained with hematoxylin (26) .
Release ofPMNgranules. PMN granule release was determined by measuring exocytosis of fl-glucuronidase (EC 3.2.1.31) as described (28) . PMN were suspended in 0.9 ml of HBSS at 2.5 X 107/ml and preincubated in a shaking water bath for 10 min at 37°C. The cells were then stimulated by addition of 0.1 ml of FMLP (1.0 Mimol/liter), ANP 1-28 (1.0 Mmol/liter), or a combination of FMLP (1.0 Mmol/liter) and ANP 1-28 (1.0 Mmol/liter) in HBSS, and the incubation was continued for 15 min under mild agitation in a water bath at 37°C. The reaction was stopped by rapid cooling in ice followed by centrifugation at 800 g for 10 min at 4°C. The supernatant was aspirated and diluted with a equal volume ofHBSS containing 0.1% Triton X-100. A suspension of the pellet was prepared with 1 ml of HBSS containing 0.2% Triton X-100, kept on ice during 20 min with occasional vortexing for extraction, diluted with 3 ml ofHBSS, and centrifuged at 800 g for 10 min at 4°C. For assaying granule release, (i-glucuronidase was measured in Cyclic GMP assay. The cyclic GMP levels in the PMN were determined by means ofa commercial radioimmunoassay kit (New England Nuclear). Samples containing 5 x 106 PMN were resuspended in HBSS containing 0.5 mM 3-isobutyl-L-methylxanthine and incubated in a shaking water bath at 37°C. After 10 min, 100 nmol/liter ofANP, 100 ng/ml of PMA, or vehicle controls were added for additional 7 min. Incubations were then terminated with centrifugation ofthe samples at 4°C for 3 min at 400 g. Pellets were resuspended in 750 Ml of ice-cold 6% trichloroacetic acid (TCA) and centrifuged at 2,500 g for 20 min, allowing the supernatants to be collected. TCA was eliminated by washing the extract five times with 5 ml ofwater-saturated ethyl ether. Then, 500 Ml of the samples was lyophilized and acetylated and cyclic GMP levels (fmol/106 PMN) were determined by radioimmunoassay, as given by the manufacturer.
Calculations. The data is expressed as the mean and standard error ofthe mean (SEM). The nonparametrical analysis ofvariance was performed for independent samples after Kruskal-Wallis. Differences were compared using the Wilcoxon-Mann-Whitney test and a significant level designated 2 a = 0.05. Statistics were performed using the StatView512+ software package (Abacus Concepts, Inc., Berkeley, CA).
Results
Effects ofANP alone on PMNfunctions. When PMN are incubated at 37°C for 0-90 min in the presence of 1 pmol/liter to 1 Mmol/liter of ANP 1-28, no significant iodoacetamide-inhibitable reduction ofNBT (Fig. 1) ferricytochrome c (not shown) occurs. Similarly, during the same time period 0.1 tmol/liter of ANP 1-28 does not cause chemotaxis ofPMN into nitrocellulose micropores (see Fig. 6 ), nor does it induce release from PMN of f3-glucuronidase (2.49% of total cellular (3-glucuronidase at 100 nmol/liter of ANP 1-28 compared to 2.45% for control untreated PMN after 15 min of incubation; mean, n = 5; P > 0. 1; see Fig. 7 ).
Effects ofANP on agonist-induced PMNfunctions. Because PMN priming agents can enhance PMN responses to chemotactic factors, we examined the effect of ANP 1-28 on respiration burst activity of PMN in response to the chemotactic factors FMLP, zymosan, and PMA. Fig. 2 shows that, at a concentration 10 nmol/liter ANP 1-28 enhances the reduction ofNBT in PMN after 30 min of stimulation by 1 gmol/liter of FMLP (enhancement after 15 and 60 min not shown). Addition of 10 umol/liter of phosphoramidone to the incubation media does not affect NBT reduction in PMN exposed to ANP 1-28 alone, FMLP alone, or the combination of FMLP and ANP 1-28. NBT reduction was also enhanced by ANP 1-28 when PMN were exposed for a similar time period to 0.5 mg/ml of activated zymosan (Table I) .
The dose dependency of the effect of ANP on NBT reduction is shown in Fig. 3 . Both ANP 1-28 and a fragment with similar cardiovascular bioactivity, ANP 7-28 (29) , increase in a dose-dependent fashion NBT reduction by PMN at 0.1 tmol/ liter of FMLP. Concentrations of ANP 1-28 or 7-28 that enhance FMLP-induced respiration burst activity were in the range of 0.1 nmol/liter to 1.0 jumol/liter. In comparison to ANP 1-28 and ANP 7-28, which at a concentration of 10 nmol/ liter stimulate NBT reduction at 0.1 umol/liter of FMLP by 128% and 147%, respectively, ANP 1-11 and ANP 13-18 at the same concentration do not enhance respiration burst activity (Fig. 4 ). Under these test conditions, the known PMN priming cytokines, TNF-a and GM-CSF (16), significantly increased FMLP-induced reduction of NBT. To confirm priming activity of ANP for respiration burst activity, we examined the effect of ANP preincubation on PMN reduction of NBT or ferricytochrome c. Table II shows that preincubation of PMN with 10 nmol/liter ofANP 1-28 at 370C for 40 min significantly enhances the reduction of NBT upon addition of 0.1 smol/liter of FMLP. This enhancement of FMLP-induced NBT reduction was not reversible because PMN preincubated with ANP 1-28, 10 nmol/liter, at 370C and then washed before stimulation with FMLP still demonstrated enhancement ofNBT reduction (not shown). Fig. 5 shows that in PMN preincubated for 40 min with 0.1 fmol/liter to 0.1 ,umol/liter of ANP 7-28 there is a bell-shape-curved, dose-dependent enhancement in the O2 production in response to 0.1 ,gmol/liter of FMLP. Table III shows that ANP 7-28 significantly augments the secretion of O-in PMN triggered with PMA. The enhanced rates of Osecretion or NBT reduction clearly demonstrate the priming ability ofANP to augment the Spontaneous NBT reduction at 30 min of incubation at 370C in the absence of FMLP of PMN that were preincubated for 40 min at 370C in medium was 0.0014±0.0012 (mean±SEM), n = 6. * Student's t test (two-tailed, paired), n = 6.
respiration burst activity after addition of FMLP, zymosan, or PMA.
We next determined the directed migration of PMN into nitrocellulose micropore filters stimulated by FMLP in the presence or absence of ANP 1-28. Maximal locomotion of PMN that were stimulated by FMLP occurs (after 35 min of incubation) at concentrations of 10-100 nmol/liter. Higher FMLP concentrations are less effective. In the presence of 0.1 emol/ liter of ANP 1-28, significant reduction of maximal FMLP-induced chemotaxis can be observed (Fig. 6 ).
To further assess the effect of ANP on PMN stimulus-induced function, we evaluated PMN enzyme release during 15 min at 370C, measuring both total cellular and released amounts of fl-glucuronidase in the absence of cytochalasin B. Fig. 7 shows that PMN treated with a combination of0.1 tmol/ liter of FMLP and 0.1 mol/liter of ANP 1-28 release significantly more lysosomal enzyme than PMN treated with 0.1 ,smol/liter of FMLP alone.
Effect ofANP on cyclic GMP accumulation in PMN. There are two known receptor classes for ANP, one ofwhich contains guanylate cyclase on the cytoplasmic domain and stimulates Spontaneous reductions of cytochrome c at 5 min of incubation at 370C in the absence of PMA (50 ng/ml) by PMN that were preincubated for 45 min at 370C in medium was 0.03±0.02 mmol/ 106 PMN (mean±SEM, n = 5). * Student's t test (two-tailed, paired), n = 6.
cellular cyclic GMP accumulation (24) . The level of cyclic GMP in PMN before addition oftest substances was 29.3±2.61 fmol/106 PMN (mean±SEM, n = 3). At 10 min of incubation with the vehicle control, levels were 31.7±2.19 (n = 3). In the presence of 100 ng/ml of PMA, cyclic GMP accumulated to levels of 60.3±5.21 fmol/106 PMN (n = 3), whereas 10 nmol/ liter of ANP 1-28 did not affect cyclic GMP content of PMN (32.3±2.96 fmol/106 PMN, n = 3).
Discussion
In this study we have demonstrated that although ANP in the absence ofadditional stimuli does not induce PMN°2 production, brief incubations of PMN with ANP markedly enhance the O2 production in response to PMA, FMLP, or zymosan. A serum-free system was particularly critical for these experi- leased and that remaining in the cells were determined (recoveries were 96.6±1.68% for ANP 1-28; 97.9±1.74% for FMLP; and 98.4±2.60% for ANP-plus-FMLP). The released activity is represented as the percentage of the total cell enzyme content (mean±SEM). P, probability by Student's t test (two-tailed, paired). ments because serum contains ANP (24) . Using this approach, we have clearly demonstrated that ANP is similar to TNF-a in terms ofits ability to prime PMN in vitro for enhanced respiration burst activity. After priming by ANP 1-28 or ANP 7-28, enhanced levels of NBT reduction or°2 secretion could be triggered by either the soluble stimulant PMA or the more physiologic stimulants FMLP or opsonized zymosan.
The enhancement is dependent on the concentration of ANP and the conservation of the carboxy terminus of ANP. The concentrations of ANP, which were found to be active in vitro (0.1-1 nmol/liter) are well within the range of concentrations of ANP found in coronary sinus blood of humans in myocardial ischemia (0.1-0.5 nmol/liter) (22, 24) . The intactness of its disulfide bond may be important, inasmuch as only ANP 1-28 and ANP 7-28, but not ANP 1-11 or ANP 13-18 were seen to be active. It is known from previous studies that the natural hormone ANP 1-28 binds indiscriminately to the cyclase-coupled and noncoupled receptors of ANP (24) . The amino-terminal domain of ANP contributes to the biological activity to a limited extent, and the removal of six amino-terminal residues up to Cys7 is tolerated without a dramatic change in the relaxation of smooth muscles or natriuresis (reviewed in reference 29) . Our studies on activation of PMN respiration burst activity demonstrated no significant difference in the potencies of ANP 1-28 and ANP 7-28. Truncation of the peptide at the carboxy terminus of natural ANP with destruction ofthe ring structure abolished activity on PMN, as is known from studies on ANP structure-activity requirements employing other tissues for bioor ligand-binding assays (29) .
Data obtained from the present study on levels of cyclic GMP in PMN after stimulation by ANP 1-28 suggest that the effect is mediated by the non-guanylate cyclyase-coupled receptor of ANP, inasmuch as ANP failed to stimulate cyclic GMP accumulation in PMN.
The significance of the finding of PMN activation by ANP is underlined by demonstration ofother functions ofPMN that are also affected by ANP. Although ANP alone does not induce release of significantly greater amounts of PMN lysosomal enzyme than the control untreated cells, it enhances the release of lysosomal enzyme in response to FMLP. Finally, presence of ANP in chemoattractant incubation media inhibited the FMLP-induced chemotaxis of PMN. Ward and Becker (30) described deactivation of chemotaxis toward a chemoattractant by incubation ofPMN with a second stimulus, a phenomenon that, with FMLP, was shown to be due to cellular hyperadhesiveness (31) . Similarly, PMN preincubated or incubated with potent PMN priming cytokines, such as TNF or GM-CSF (16) , demonstrated a decrease in chemotaxis to FMLP through cellulose nitrate (32) . We also observed that, in addition to TNF, other PMN priming factors such as human growth hormone, tuftsin, and tuftsin-like tachykinins, but not IL-2 or IL-3 inhibit chemotaxis through cellulose nitrate induced by FMLP or recombinant human IL-8 (26, 33) . It was concluded that the decrease in chemotaxis by neutrophil priming cytokines described above is due to in vitro hyperadhesiveness of PMN to artificial surfaces causing reduced migration toward standard stimuli (32) . The observed migration inhibition by ANP may thus reflect enhancement of PMN adhesiveness by ANP.
Although the molecular mechanisms involved in ANP activation of PMN for enhanced function are not yet defined, the fact that priming could be elicited with a variety of triggering agents that utilize distinct signal transduction pathways suggest some possible mechanisms. Previous studies have demonstrated effects of PMN-priming factors alone on PMN function. For example, TNF alone is a weak stimulant of H202 production, iodination, and lysozyme release; incubation times up to 90 min with the stimulant were required for the effects of the stimulant on PMN functional events to become evident (reviewed in reference 34). More potent effects ofpriming factors on PMN respiration burst activity were seen in recent studies when PMN were coincubated with priming factors and FMLP or PMA (35) , or pretreated with factors and subsequently stimulated with soluble stimuli (36) . In the present study, we observed that ANP enhanced oxidative burst and granule exocytosis in PMN when coincubated or when stimulated after pretreatment ofPMN with FMLP, opsonized zymosan, or PMA.
GM-CSF up-regulates FMLP receptors on PMN, and GM-CSF priming can be elicited with FMLP but not with PMA (37) . Because enhanced O2 secretion could be triggered by FMLP, zymosan, and PMA, it is unlikely that ANP enhances expression of receptors for all of these stimulating molecules. Instead, the priming induced by ANP may be related to enhanced signal transduction: e.g., enhanced expression of protein kinase C or augmented activity of the respiration burst or exocytotic systems.
The physiological role of preinflammatory factors in response to brief recurrent ischemia is the subject of intensive studies (for review, see reference 38). Endotoxin treatment in rats seems to be associated with protective effects on reperfusion injury (39) . It will be important to see whether the active components of endotoxin, IL-1 and TNF-a, can protect the ischemic or reperfused heart and/or cause the expression of protective stress proteins (40) . A rise in oxygen-derived free radicals after successful thrombolysis in myocardial infarction was recently reported (41) and such free radicals can induce synthesis ofheat-shock proteins (42). However, it is not known whether ANP can induce stress proteins in vitro or in vivo. Our results add to the evidence for an important role of PMN in myocardial ischemia by demonstrating for the first time that ANP which is released from cardial myocytes may efficiently activate the functions of PMN.
